In the present research work, the recovery of tungsten and cobalt from waste coming from tungsten carbide-cobalt (WC-Co) tools, which are widely used in the metalworking industry, was analyzed. The WC-Co waste was characterized by X-ray diffraction and scanning electron microscopy with microanalysis (SEM/EDS). The process started with the oxidation of the waste to obtain a mixture of oxides (WO 3 and CoWO 4 ). The ΔH and ΔG were calculated both for the oxidation and reduction processes. Thermodynamic and non-isothermal kinetic analyses were carried out to obtain a stability diagram where theoretical and experimental data are defined by transformation lines as a function of temperature; in addition, the apparent activation energy was determined. By a hydrogen reduction process, high-purity tungsten and cobalt in metallic form were obtained.
Introduction
Tungsten carbide-cobalt alloys have been used worldwide for a long time in the manufacture of tools for sectors such as the metalworking industry, mining industry, oil industry, radioactive and aerospace shielding because of their properties, such as high density, high resistance to wear, tenacity and mechanical resistance [1] .
The world production of tungsten amounts to approximately 95,000 tons per year (year 2017) and its price may vary depending on the conditions in which it is required; on the other hand, the world production of cobalt amounts to approximately 110,000 tons per year according to 2017 data [2] . The above data show that both tungsten and cobalt are considered as scarce materials and give an indication of the limitations of their deposits worldwide.
Tungsten carbide-cobalt tools are made of tungsten carbide agglomerated (or agglutinated) with cobalt, so that the content of cobalt can vary between 3% and 20% approximately [3] . Tungsten carbide has a melting point of 2870 ºC, whereas cobalt melts at 1495 ºC [4] , so tools are usually made by sintering, since it requires a lower temperature to form the piece [5] .
Currently, for the recycling of tungsten carbide-cobalt inserts various methods are used [6] . The simplest method of recovery is classified as direct and entails grinding the inserts until obtaining fines between 1 and 5 microns [5] , which are then used to remanufacture inserts. This method is widely applied in Eastern countries, but only a small percentage of the global waste is processed in this way. In the United States about 60% of waste is processed by indirect methods [7] , where 35% is recycled using chemical methods such as chlorination, oxidation and alkaline leaching, oxidation and reduction of oxides [1] , and the other 25% is recycled by a method in which zinc is used in the liquid phase [8] . Of the remaining 40% of the waste generated in the United States, 5% is used in other processes and the final 35% is not recycled [7] . Furthermore, regardless of the method applied, it is common to see that around 20% of waste materials are recovered in the industry and are usually mixed with new raw materials for the manufacture of new products [8] .
In 1985 Paul [9] described the different existing processes for the recycling of metals such as tungsten, titanium, tantalum and cobalt from cemented carbides. In 1989 Latha [10] developed a method similar to that described by Paul in 1985 for recycling tungsten, in which nitric acid is used as an electrolyte. This makes the method more efficient, due to a decrease in processing costs. In 2013, Altuncu [8] reported a process to remove the cobalt used as a binder in the tools made with tungsten carbide-cobalt, in which a zinc bath is used to immerse the tungsten carbide-cobalt tools. In 2012, Vesel [11] evaluated the phase transformations that occur in parts manufactured with tungsten carbide-cobalt when subjected to thermal treatment at different temperatures using plasma and concentrated radiation. In 2014, Kim [1] studied the behavior of cobalt dissolution in tungsten carbide-cobalt waste. The method consisted of the oxidative roasting of the wastes from which WO [3] tungsten oxides and cobalt-tungsten oxide CoWO [4] are obtained. The oxides are dissolved in a solution of sulfuric acid and hydrogen peroxide inside a ball mill, from which tungstic acid and a cobalt ion solution are obtained.
Based on the literature review, it is observed that the methods for obtaining compounds with a high content of tungsten and/or cobalt as a final product must be refined to finally obtain the material of interest; generally, hydrometallurgy, electrometallurgy and pyrometallurgy classics treatmets are not applied for the recycling of hard metals.
It is worth pointing out that due to the complexity involved in the recycling of this material, the developments reached so far leave paths to be explored in order to tackle issues related to both sustainability and the environment [8] .
Methodology
After the characterization of the tungsten carbide-cobalt waste by XRD and SEM/EDX, the material was roasted at 900°C for 3 h in a Terrígeno Industry 2600W furnace model D8 to obtain tungsten and cobalt oxides, which were then reduced in a hydrogen atmosphere to obtain tungsten and cobalt in metallic form. The experimental development of the present project was based on the following methodology:
• Characterization of the samples by X-ray diffraction (XRD) and scanning electron microscopy with microanalysis (SEM/EDS). The phases in both the starting material and the products obtained were identified by XRD using a PANalytical X'pert PRO MPD in a 2θ interval with a step of 0.02º and an accumulation time of 56 s, with a copper anode. For this analysis, the WC-Co base material, as well as the intermediate products (CoWO 4 and WO 3 ) and the final products were ground to a particle size smaller than 75 microns. As a final step, the resulting diffraction pattern was analyzed using HighScore Plus software for phase identification.
For the chemical composition of the WC-Co base material and the products obtained, scanning electron microscopy with semiquantitative backscattered electron analysis (SEM/EDS) was perfomed using PHENOM XL equipment with image analysis software as well.
• Calculation of thermodynamic parameters of the WC-Co system and the WO 3 + CoWO 4 system. For the thermodynamic study of the oxidation and reduction processes, the HSC Chemistry 6.0 software for Microsoft Windows and its modules, equilibrium composition and reaction equations, were used.
• Analysis of results from OPT tests (oxidation at programmed temperature) applied to the WC-Co system and RPT (reduction at programmed temperature) applied to the WO 3 + CoWO 4 system. The kinetic study of the processing of both the base material and the products obtained was carried out in a MICROMERITICS AutoChem II Chemisorption Analyzer with data adquisition AutoChem II 2920 software 4.01 version. The apparent activation energy was calculated by Coats and Redfern method [12, 13] .
• The products generated in the selected metallurgical process were characterized by XRD using a PANalytical X'pert PRO MPD under the same conditions as above.
Results and discussion

Identi cation of the material
Tungsten carbide-cobalt (WC-Co) is a hard material that can easily be found in the metalworking industry, with different shapes depending on its use, with or without coatings depending on the working conditions. The coating may be titanium nitride (TiN) and alumina (Al 2 O 3 ). The coatings represent an additional barrier to the phase transformations required in the processing of the WC-Co system. The uncoated waste was selected as the experimental base material (see Figure 1) , because the coating restricts the access of the oxidizing reagents inside the material. The waste used for this work was 6, 12 and 16 mm in size, as is shown in Figure 2 . 
Characterization of the waste before and after roasting
In order to characterize the starting material (WC-Co) by X-ray diffraction, a reduction of the particle size equal to 200 mesh was required. The XRD pattern of the WC-Co material powder (see Figure 3) shows that the tungsten carbide species of the study material correspond to the δ-WC phase with structure and chrystallographic [14] . In Figure 3 , the presence of additional peaks corresponds to the cobalt contained in the study material. The analysis of the diffraction pattern was with HighScore Plus software, by means of a semiquantitative analysis, revealing that the sample contains 93% tungsten carbide and 7% cobalt, approximately.
Figure 3 Diffraction pattern of WC-Co material
The elemental analysis by EDS showed that the study material is composed of carbon, cobalt and tungsten as main elements, with the percentages listed in Table 1 . Figure 4 shows SEM/EDS images where the distribution of the elements can be seen, which are identified by colors that highlight the areas of each element; the predominant element is tungsten. The particle size of the powers was determined to be between 1 and 5 micrometers.
After the roasting process of the waste, the resulting material composed of tungsten and cobalt oxides was analyzed. Although some carbon appears in Table 2 , this content is associated with the microscope sample conveyor belt, since carbide carbon is gasified in the form to carbon dioxide (CO 2 ). Figure 5 shows an EDS mapping of the calcined sample. The oxide particles are below 1 micrometer in size with heterogeneous shapes and no sharp angles. This analysis of the phases using EDS mapping confirmed that the majority are oxides, namely, tungsten oxide, cobalt oxide and complex tungsten-cobalt oxides, distributed in a homogenous way throughout the sample. The phases of the formed oxides can be determined by XRD analysis, which will be done next.
Thermodynamic study of the waste oxidation process
Using HSC Chemistry 6.0 and its module of reaction equations, the feasibility of the reactions for the oxidation process was evaluated. In the module, the species that make up the base material were entered: tungsten carbide (WC) and cobalt (Co), in addition to a certain amount of oxygen in the air. The possible oxidation reactions are shown in Table 3 , and the enthalpy of reaction and the free energy of Gibbs at 900ºC are taken as reference, as mentioned in the literature [1] .
Based on the data obtained in the module of reaction equations, the Gibbs' free energy indicates that the previous reactions at 900°C is spontaneous and the enthalpy shows that it is an exothermic reaction, hence the reactions listed above are thermodynamicaly feasible.
According to the results of the XRD analysis ( Figure  6 ), it is determined that the first and last reactions of 
Thermodynamic and kinetic study of the reduction process
For the thermodynamic information, the HSC Chemistry 6.0 software was used. The product resulting from the oxidation of the waste was taken as starting materials: 90.7% WO 3 and 9.3% CoWO 4 . In the module, the species and amounts are entered together with the reducing agent that, in this specific case, is hydrogen.
For the kinetic curves, the reduction process was carried out in chemical absorption equipment, (RPT), to evaluate the hydrogen consumption peaks by means of temperature increases, which indicate changes in the phases of the oxides introduced. Figure 6 Diffraction pattern of the product of the roasted waste By combining the graphics obtained from both the thermodynamic and the kinetic study (see Figure 7) , the temperatures at which the transformations occur and to what species they can be related are clearly observed.
Figure 7
Combination of thermodynamic and kinetic study of WO3 and CoWO4 oxide reduction
In Figure 7 , it can be seen that the reduction of the CoWO 4 and WO 3 oxides is thermodynamically feasible using hydrogen as a reducing agent. The thermodynamic analysis predicts that the reduction of tungsten trioxide starts at 550°C and ends at 1500°C. However, the kinetic analysis (with a 10 ºC/min ramp) indicates the appearance of the following zones: in the first zone (between 550 and 820°C) the decomposition of the oxides present begins; the second zone (between 820 and 910°C) indicates a 50% progress both in the reduction of trioxide and in the formation of metallic tungsten, and in the third zone (between 910 and 1000°C) 80% progress of the reaction is observed, up to this point the process lasts 100 min. The remaining 20% of the process is carried out between 1000 and 1500°C. It is observed that during the entire reduction process since the transformation begins, water formation occurs, which indicates a thermodynamically feasible reduction. The possible reduction reactions that take place are shown in Table 4 .
Calculation of apparent activation energy
For the determination of the kinetic parameters of the reduction process, it is necessary to carry out a minimum of three tests with different heating speeds. In this case, three reduction tests were performed at programmed temperature (RPT) with heating ramps of 1, 5 and 10 ºC/min. The resulting graphs are displayed in Figure 8 . 
is calculated [12] . These values correspond to the axis Y and is the temperature at which the peak of highest hydrogen consumption occurs [12] . During the reduction process, it is observed that for a lower heating rate, the temperature at which the sample begins to consume hydrogen is lower, which may be due to the fact that the slower the heating, the greater the opportunity for the oxides to react with the reducing gases of the system. Finally, based on Figure 9 , it is determined that the activation energy is 102.604 kJ/mol. The calculated activation energy is considerably high, implying that the reduction is predominantly controlled by chemical reaction kinetics between the reactants, not by mass transfer of the reducing agent in the gas phase to the particle surface. Different activation energies have been reported by several researchers for the reduction of WO 3 by H 2 , i.e., from 83 kJ / mol to 134 kJ/mol [14] ; it can be observed that the values of tungsten activation obtained using Coats and Redfern method show reasonably good agreement.
Characterization of reduction products
After the reduction process with hydrogen, the resulting material was characterized by XRD, showing that the predominant phases are metallic W with a concentration of 98.6% and metallic Co with a concentration of 1.4% approximately. The corresponding diffraction pattern is shown in Figure 10 . Based on the thermodynamic study and laboratory tests, the reduction of CoWO4 and WO3 oxides gives two metals: tungsten and cobalt, as can be seen in Equations (1) and (2) .
The above equations were checked with the XRD analysis performed to the reduced material and therefore, this indicates that the process is effective for obtaining W and Co in metallic form from metalworking industry waste.
Conclusions
The oxidation and pyrometallurgical reduction behavior of tungsten from tungsten carbide-cobalt tool waste was investigated, and the major conclusions of the present study are as follows.
• The thermodynamic study of the oxidation process of tungsten carbide-cobalt waste predicts the formation of four phases of oxides; however, the results of the XRD analysis showed that only two phases were found in the oxidation product: WO 3 and CoWO 4 .
• The thermodynamic analysis predicts tungsten and cobalt formation from the reduction of the product of oxidation with hydrogen at the temperature range 550 -1500°C.
• The kinetic analysis of the reduction process shows a 50% progress between 820 and 910°C both in the reduction of trioxide and in the formation of metallic tungsten; and between 910 and 1000°C an 80% progress in the reduction process of W.
• It was determined that a low heating rate in the reduction process gives a low temperature at which the sample starts to consume hydrogen and therefore, to be reduced.
• The activation energy calculated for the reduction of WO 3 is considerably high (102 kJ/mol), implying that the reduction process is predominantly controlled by the chemical reaction kinetics between the reactants.
• The tungsten activation values obtained using Coats and Redfern method show reasonably good agreement with the literature.
